We sampled the 5 end of the granule-bound starch synthase gene (GBSSI or waxy) in Rosaceae, sequencing 108 clones from 18 species in 14 genera representing all four subfamilies (Amygdaloideae, Maloideae, Rosoideae, and Spiraeoideae), as well as four clones from Rhamnus catharticus (Rhamnaceae). This is the first phylogenetic study to use the 5 portion of this nuclear gene. Parsimony and maximum-likelihood analyses of 941 bases from seven complete and two partial exons demonstrate the presence of two loci (GBSSI-1 and GBSSI-2) in the Rosaceae. Southern hybridization analyses with locus-specific probes confirm that all four Rosaceae subfamilies have at least two GBSSI loci, even though only one locus has been reported in all previously studied diploid flowering plants. Phylogenetic analyses also identify four clades representing four loci in the Maloideae. Phylogenetic relationships inferred from GBSSI sequences are largely compatible with those from chloroplast (cpDNA: ndhF, rbcL) and nuclear ribosomal internal transcribed spacer (nrITS) DNA. Large clades are marked by significant intron variation: a long first intron plus no sixth intron in Maloideae GBSSI-1, a long fourth intron in Rosoideae GBSSI-1, and a GT to GC mutation in the 5 splice site of the fourth intron in all GBSSI-2 sequences. Our data do not support the long-held hypothesis that Maloideae originated from an ancient hybridization between amygdaloid and spiraeoid ancestors. Instead, Spiraeoideae genera (Kageneckia and Vauquelinia) are their closest relatives in all four GBSSI clades.
INTRODUCTION
The Rosaceae are a large family of economically and ecologically important plants that include roses (Rosa), raspberries (Rubus), strawberries (Fragaria), cherries, peaches, and plums (Prunus), apples (Malus), pears (Pyrus), shadbushes (Amelanchier), and hawthorns (Crataegus). The Rosaceae are traditionally divided into subfamilies Amygdaloideae, Maloideae, Rosoideae, and Spiraeoideae on the basis of fruit type and base chromosome number (Robertson, 1974) . Molecular (rbcL: Morgan et al., 1994; nrITS: Campbell et al., 1995;  polygalacturonase inhibitor proteins (PGIPs): Potter, 1997; ndhF: Evans, 1999) and nonmolecular (Evans, 1999) data suggest that relationships within the family are more complex and call for an expansion of Amygdaloideae to include Exochorda (formerly Spiraeoideae), reduction of Rosoideae, and abandonment of the clearly polyphyletic Spiraeoideae. Relationships inferred from these studies are more consistent with the distribution of base chromosome number than fruit type (Morgan et al., 1994) . Rosoideae, for example, are monophyletic after exclusion of x ϭ 9 genera traditionally placed in the subfamily (Morgan et al., 1994) .
A long-held hypothesis is that the base chromosome number of x ϭ 17 in the Maloideae originated by a polyploidization event within one or a combination of the other three subfamilies (see references in Evans and Dickinson, 1999a,b) , which are almost exclusively x ϭ 7, 8, or 9. Although a polyploid origin is widely accepted, the parentage of the Maloideae has yet to be unequivocally determined. In one hypothesis, the Maloideae originated from a polyploidization event following hybridization of ancestral Amygdaloideae (x ϭ 8) and "Spiraeoideae" (x ϭ 9) (Phipps, 1991 and references therein) . In an alternative hypothesis, the Maloideae originated from a polyploidization event within the "Spiraeoideae" (Glad-kova, 1972; Cronquist, 1981; Morgan et al., 1994; Evans and Dickinson, 1999b) .
Kageneckia and Lindleya, although traditionally ascribed to the "Spiraeoideae," are anomalous in that group in having a base chromosome number of x ϭ 17. Likewise, the "spiraeoid" Vauquelinia has x ϭ 15. Abundant molecular data now show that these three genera are sister to the traditional Maloideae (Morgan et al., 1994; Campbell et al., 1995; Potter, 1997; Evans, 1999) . Here we include them within the Maloideae. Despite the apparent confirmation of the spiraeoid origin hypothesis from these phylogenetic results, uncertainty remains. Maloideae sister group relationships were not determined for the nrITS data set (Campbell et al., 1995) , and the other data sets are based primarily on the maternally inherited chloroplast genome. Thus, the alternative hypothesis of an ancient hybridization between amygdaloid and "spiraeoid" ancestors cannot be rejected. Single-or low-copy-number genes may provide data for potential resolution of the origin of the Maloideae as well as other insights into Rosaceae phylogeny.
We chose to investigate GBSSI (sometimes referred to as "waxy" because of its mutant phenotype in maize) in the Rosaceae because this gene demonstrates phylogenetic utility across a wide range of grass genera (Mason-Gamer et al., 1998) and is single copy in diploid Poaceae and potatoes (van der Leij et al., 1991; Mathews and Sharrock, 1996; Mason-Gamer et al., 1998) . Recently, there has been increased interest in the use of such single-and low-copy-number nuclear genes (Mason-Gamer et al., 1998; Bailey and Doyle, 1999) to complement the most frequently used sources of molecular phylogenetic data, chloroplast (cpDNA) and nuclear ribosomal (nrITS) DNA sources.
The purpose of this study was to test the potential for this low-copy-number gene to answer long-standing questions about evolution within the Rosaceae. Sequences from multiple clones per accession and Southern hybridization analysis show that there are more than two GBSSI loci in the Rosaceae. Comparisons of multiple sequences were used to determine the orthology and paralogy of GBSSI loci in the Rosaceae. Finally, taxa that may be critical to understanding the origin of subfamily Maloideae were included to investigate the two hypotheses of origin.
MATERIALS AND METHODS
To reduce the potential effect of polyploidy on GBSSI copy number, plant material was collected from diploid species (see Roitman et al., 1974; Goldblatt, 1978 Goldblatt, -1993 where possible and included 18 species representing 14 genera, with at least 2 genera from each of the subfamilies. Collections comprise wild and garden accessions; horticultural varieties were not sampled (Table 1) . Voucher specimens of each individual sampled are deposited in the Vascular Plant Herbarium of the Royal Ontario Museum (TRT) or University of Maine Herbarium (MAINE) ( Table 1) .
DNA Isolation, Amplification, and Cloning
Total genomic DNAs were isolated from 0.1-1.0 g of young buds, young leaves, or mature leaves, using a modified CTAB protocol (Doyle and Doyle, 1987) . The translated portion of GBSSI in Solanum tuberosum is 2961 bp and spans 13 exons and 12 introns (Fig 1; van der Leij et al., 1991) . The alignment of four dicot GBSSI sequences (Manihot esculenta Crantz: GenBank X74160; Ipomoea batatas (L.) Lamarck: GenBank U44126; Pisum sativum L.: GenBank X88789; and Solanum tuberosum L.: GenBank X58453) was used by Alice (1997) to design amplification primers 1F and 9R (Table 2) . Primers 1F and 9R were used to amplify approximately 1.8 -2.0 kb from the 5Ј end of Rosaceae GBSSI (Fig. 1A : Table 2 ). Subsequently, primers 3F, 5F, 6F, and 7R (Fig. 1B) were designed from alignments of Rosaceae GBSSI sequences to facilitate sequencing the middle of the amplified region (Table 2) .
Polymerase chain reactions (PCR) were performed in a total volume of 25 L using the following standard reaction components: 1ϫ buffer (Gibco BRL), 1.5 mM MgCl 2 (Gibco BRL), 0.2 mM dNTP mix, primers (each 0.5 M), and Taq DNA Polymerase (Gibco BRL; 0.5 U/L). All PCRs were performed in a PTC-200 DNA Engine Peltier Thermal Cycler (M. J. Research, Inc.). Attempts at amplification with a single annealing temperature (either 56 or 60°C) were unsuccessful for some taxa, and therefore a "stepdown" PCR procedure (Hecker and Roux, 1996) was employed as follows: (1) 94°C for 3:00 min; (2) 94°C for 1:00 min; (3) 60°C for 1:00 min; (4) 72°C for 1:30 min; (5) go to (2) 2 times; (6) 94°C for 1:00 min; (7) 56°C for 1:00 min; (8) 72°C for 1:30 min; (9) go to (6) 2 times; (10) 94°C for 1:00 min; (11) 52°C for 1:00 min; 72°C for 1:30 min; (13) go to (10) 24 times; (14) 72°C for 20:00 min. All successful amplifications for an individual were pooled and 20 L from each was run out on 1% agarose gels. Since multiple bands were observed in the PCR products of all taxa, only bands corresponding to a 1.8-to 2.0-kb product were excised and purified using a QIAquick Gel Extraction Kit (QIAgen).
Cleaned PCR products were cloned into either pGEM-T Easy (Promega) or TOPO-TA (Invitrogen) vectors according to the manufacturer's instructions, except that ligation reactions were halved. Ligation products were used to transform XL-1 Blue competent cells (Stratagene) according to the instructions provided in the pGEM-T Easy vector kit. Transformation reactions were incubated in SOC broth (2.0% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl 2 -6H 2 O, 20 mM glucose) at 37°C for 1 h before being plated onto LB agar plates containing ampicillin, X-GAL, and IPTG for incubation at 37°C for 18 h. Only 389 large white colonies, representing potentially recombinant plasmids, were selected for growth in terrific broth (1.2% tryptone, 2.4% yeast extract, 0.4% glycerol, 17 mM KH 2 PO 4 , 72 mM K 2 HPO 4 ) overnight on a 37°C shaker. Plasmids were prepared for sequencing using QIAprep miniprep kits (QIAgen). Prior to sequencing, 0.5 L of each potential recombinant was digested with EcoRI and run out on 1% agarose gels to determine whether they contained putative ϳ1.8-to 2.0-kb GBSSI inserts. 
DNA Sequencing
Recombinant clones containing the GBSSI insert were cycle-sequenced with the ABI PRISM dye terminator cycle sequencing kit with AmpliTaq DNA polymerase, FS. Reactions were performed according to the manufacturer's instructions, but using half the prescribed volumes. Sequencing reactions used vector-specific universal primers and the internal primers 3F, 5F, 6F, and 7R (Table 2) . Sequencing reactions were cleaned using the ethanol/sodium acetate protocol provided in the sequencing kit. Cleaned reactions were dried and resuspended in 3.0 L of 50 mM EDTA: formamide (1:5 vol) loading buffer with blue dextran prior to electrophoresis in an ABI 373A with stretch gel apparatus or an ABI 377 automated sequencer.
Sequences were edited by eye using either SeqEd v. 1.03 (ABI) or Sequencher v. 3.0 (Gene Codes Corp.). Completed sequences were exported as text files and aligned by eye in the text editor that accompanies PAUP* 4.0 b2 (Swofford, 1998) . Exon/intron boundaries are based upon alignments of Rosaceae sequences with the complete sequence for S. tuberosum (van der Leij et al., 1991) . Intron sequences were removed prior to all analyses as they are not alignable across all sampled taxa.
Data Set Construction

Preliminary investigations of multiple clones in
Amelanchier bartramiana, A. laevis, Rubus hispidus, R. odoratus, and R. trivialis demonstrated the presence of four highly divergent forms of GBSSI (hereafter designated GBSSI-1A and B, GBSSI-2A and B) in Amelanchier and one in Rubus (Alice, 1997) . Therefore, our primary goal was to determine copy number in the four Rosaceae subfamilies. Outgroup sequences were obtained from GenBank for Pisum and Astragalus and from Rhamnus catharticus (Rhamnaceae) collected in this study (Table 1) . Recent molecular analyses (Morgan et al., 1994; Savolainen et al., 2000) demonstrate a close relationship between Rhamnaceae and Rosaceae. We are currently investigating the potential of GBSSI genes to clarify relationships within the Rosales.
A total of 112 clones, including multiple clones per species, was screened in Rosaceae and Rhamnus using vector specific (T7 and SP6) and 3F primers ( Fig. 1B ; Table 1 ). Complete sequence of the 1.8-to 2.0-kb insert was obtained for one direction using these three primers. Because many sequences within each genus were virtually identical, a subset of 50 sequences that displayed the greatest level of divergence within taxa was sequenced with internal sequencing primers 5F, 6F, and 7R (Table  2 ; Fig. 1B ). These complete sequences, along with Pisum and Astragalus, were used to investigate Rosaceae GBSSI sequence paralogy, orthology, and phylogeny.
An initial analysis of these 50 sequences demonstrated that duplicate loci (GBSSI-1 and GBSSI-2) exist in the Rosaceae, with a second duplication (GBSSI-1A and B; GBSSI-2A and B) occurring in Maloideae samples (see Fig. 3 ). From this data set of 50 we chose 28 clones that represent all the loci obtained for the 14 Rosaceae genera, plus 1 Rhamnus clone for use in a reduced data set. The data set was reduced to facilitate maximum-liklihood analyses (see below), as well as for presentation of Rosaceae GBSSI locus information (see Fig. 4 ). Hereafter, these 29 sequences (plus Pisum and Astragalus) are referred to as the reduced data set and are available from GenBank (Table 1) .
Phylogenetic Analysis
Percentage divergence between sequences was determined using the Kimura two-parameter model in PAUP*. An initial parsimony analysis of 46 of the 108 Rosaceae clones plus outgroups (4 Rhamnus clones, Pisum, and Astragalus) was performed with 1000 random stepwise additions of sequences, STEEPEST DESCENT, MULPARS, and TBR branch-swapping. Subsequent parsimony analyses used the reduced data set of 28 Rosaceae sequences plus three outgroup sequences and were analyzed in the same manner. Branch support on all trees was evaluated with 1000 bootstrap (Felsenstein, 1985) replicates in PAUP* using simple addition sequence, STEEPEST DESCENT, MULPARS, and TBR branchswapping. Support for parsimony trees was also assessed using decay analysis (Bremer, 1988) as calculated by AutoDecay ver 4.0 (Eriksson, 1998) .
Four maximum-likelihood analyses were conducted on the reduced data set to compare with the topology obtained from the parsimony analysis. The models used were (1) equal rates substitution model, estimated base frequencies, and Hasagawa-Kishino-Yano (HKY) two-parameter model for unequal base frequencies; (2) base substitution model with transition/transversion ratio (t i /t v ) estimated using maximum-likelihood; (3) same as (2) with variable sites allowed to follow a gamma distribution as estimated using maximum-likelihood; and (4) same as (3) but using a general time-reversible (GTR) model of base substitution with submodel estimated with maximum-likelihood.
Southern Hybridization
A Southern hybridization was conducted to estimate the number of GBSSI copies in at least one genus from each subfamily (Rosa and Rubus: Rosoideae; Prunus and Exochorda: Amygdaloideae; Physocarpus: "Spiraeoideae;" Chaenomeles, Malus, and Vauquelinia: Maloideae). To determine whether multiple bands represented multiple GBSSI copies, the entire sequence length for all clones of genera used in the Southern blot was analyzed for EcoRI and HindIII sites with Webcutter (http://firstmarket.com/firstmarket/cutter/).
A 200-bp probe was designed for each locus by comparing the eighth exon of all available clones. Single clones from Vauquelinia GBSSI-1 and Exochorda GBSSI-2 were chosen for probe synthesis. These clones were chosen to control for false results in the South-391 erns, as they demonstrate the greatest level of divergence within their respective loci (as high as 13%), but the lowest level of divergence between loci (as low as 21%). Primers designed from each sequence (GBSSI-1-8F, GBSSI-1-8R, GBSSI-2-8F, and GBSSI-2-8R; Approximately 10 g of DNA for each species was digested with EcoRI and HindIII, separated on a 0.7% agarose gel, and transferred to a positively charged nylon membrane (Boehringer Mannheim) using standard techniques. The blot was prehybridized for 12 h at 60°C in 5ϫ SSC/0.1% Sarkosyl/0.02% SDS/1% blocking agent in a heat-sealed bag in a shaker-equipped water bath. The GBSSI-1 probe was added to fresh prehybridization solution and hybridized overnight at 60°C. The blot was washed twice in 2ϫ SSC/0.1% SDS and twice in 0.5ϫ SSC/0.1% SDS, both at 59°C. All subsequent washes were at room temperature and included a 5-min wash with 1ϫ washing buffer (1ϫ maleic acid buffer (0.1 M maleic acid/0.15 M NaCl, pH 7.5)/0.3% Tween 20), 1-h block with 1ϫ blocking solution (Boehringer Mannheim), incubation with 75 mU/ml of anti-DIG-AP conjugate antibody (Boehringer Mannheim) in fresh 1ϫ blocking solution for 30 min, two 20-min washes with washing buffer, and 5-min incubation with 1ϫ detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, 50 mM MgCl 2 , pH 9.5). The blot was removed from the heat-sealed bag, placed in plastic wrap, flooded with 0.5 ml of CSPD (Boehringer Mannheim), incubated at 37°C for 10 min, and overlaid with X-ray film for 1 h. After exposure, the blot was rinsed with ddH 2 O, stripped at 37°C with two 15-min washes of 0.2 N NaOH/0.1% SDS, followed by three 15-min washes of 2ϫ SSC at room temperature, and allowed to air dry. The blot was then hybridized with the GBSSI-2 probe as per the above protocol.
Acquisition of Exochorda GBSSI-2 Sequence
Southern hybridizations indicated that at least two loci occur in the eight genera examined from the four Rosaceae subfamilies (Fig. 5 ), but only a single locus (either GBSSI-1 or GBSSI-2) was obtained from all the non-Maloideae clones that we initially sequenced (Fig.  3) . The EcoRI digests of Exochorda (Amygdaloideae) DNA and subsequent probing with each locus-specific probe (GBSSI-1 and 2) resulted in a single band for each locus in each Exochorda EcoRI lane (Fig. 5) . The difference in size between these Exochorda Southern hybridization bands (ϳ2.0 kb) suggested that we could obtain DNA that was specific for each Exochorda GBSSI locus by gel extraction of EcoRI-digested Exochorda DNA. An EcoRI digest of Exochorda DNA was separated on a 0.7% agarose gel, and portions of the gel corresponding to the two EcoRI bands were cut out and cleaned with Geneclean (Bio101). DNA from each band was PCR amplified with GBSSI-1-8F plus GBSSI-1-8R and GBSSI-2-8F plus GBSSI-2-8R primers (Figs. 1C  and 1D, Table 2 ) using the same cycling parameters described earlier for other Rosaceae DNAs, but with a 56°C annealing temperature only. Cross-amplification did not occur between primers and DNA at this temperature. Amplification using an annealing temperature of 54°C, however, resulted in products for all DNA and primer mixtures. Other primer combinations (GBSSI-1-8F plus 9R, and 1F plus GBSSI-1-8R), with the gel extracted Exochorda DNA and a 56°C annealing temperature, were unsuccessful. The amplification products from the initial 56°C amplification were gelpurified, cleaned with Geneclean, and sequenced on an ABI 377 automated sequencer with primers used to create the two Southern hybridization probes (Figs. 1C  and 1D , Table 2 ). The resulting sequences were edited and aligned with either a consensus of already sequenced Exochorda GBSSI-2 clones or a consensus of already sequenced Prinsepia GBSSI-1 clones. The 173 bp of Exochorda GBSSI-1 exon 8 were included in all analyses as Exochorda. I (see Figs. 3 and 4) .
RESULTS
GBSSI Sequences and Statistics
GBSSI sequences were obtained from 108 clones representing 14 genera and 18 Rosaceae species (Table 1) , as well as 4 clones of R. catharticus (Rhamnaceae). Approximately 1.8 -2.0 kb from the 5Ј end of the gene were amplified and screened using vector-specific universal primers and 3F. All sequences include 47 bp from the 3Ј end of the first translated exon, seven complete exons ranging in size from 64 to 244 bp, and 105 bp from the 5Ј end of the ninth exon (Figs. 1B-1D ). Sequences also include seven or eight introns ranging in size from 74 to 477 bp (Figs. 1B-1D ). Intron length varies between and within GBSSI-1 and GBSSI-2. The first intron of GBSSI-1 Maloideae sequences is at least 140 bp longer than in all other taxa (Fig. 1C) . The fourth intron in Rosa, Rubus, and Rhamnus GBSSI sequences is at least 300 bp longer than all others (Fig.  1B) . The fourth intron of all GBSSI-2 sequences starts with a GC rather than the highly conserved GT intron splice site (Fig. 2) .
The exclusion of introns from the sequences leaves 941 bp of exon sequence that were used in all phylogenetic analyses. All GBSSI exons contain intact open reading frames and lack stop codons. Although not indicative that all sequences are functional, this suggests that none are pseudogenes. Searches of an amino acid sequence from each genus in the reduced data set using BLAST (Altschul et al., 1997) showed high homology with GBSSI amino acid sequences from M. 392 esculenta, Antirrhinum majus, Astragalus membranaceus, S. tuberosum, P. sativum, and numerous Poaceae. Mean exon GC content for reduced data set clones is 44.96%. Exon divergence ranges from 26.39 to 29.89% between GBSSI-1 and -2, and 4.31-14.14% within each locus (Table 3 ). In Maloideae species there are two additional forms of each locus (GBSSI-1A and B, GBSSI-2A and B). Mean sequence divergence is 6.76% between GBSSI-1A and GBSSI-1B and 8.17% between GBSSI-2A and GBSSI-2B (Table 3) . Clones from nonMaloideae accessions typically differ from one another by less than 1.0% (not shown) and likely represent alleles, or possibly PCR artifacts, of GBSSI-1 and GBSSI-2.
Phylogenetic Analyses
Parsimony analysis of 46 initial Rosaceae clones, 4 Rhamnus clones, and GBSSI sequence for Pisum and Astragalus yielded 16 trees of 1493 steps from 430 potentially informative characters, with a consistency index (CI) of 0.526 (excluding uninformative characters) and a retention index (RI) of 0.873. Support for GBSSI-1 and GBSSI-2 clades is very strong with bootstraps of 100% and decay values of 28 and 29, respectively (Fig. 3) . All sequences from Rhamnus form a clade that is sister to the Rosaceae GBSSI-1 clade. Maloideae contain an additional form of each locus (GBSSI-1A and B, GBSSI-2A and B). In addition, we recovered all four forms in A. bartramiana and Vauquelinia, three of the four in A. laevis, Chaenomeles, Kageneckia, and Malus, and two in Osteomeles (Figs. 3 and 4) . Support for additional Maloideae copies is relatively strong, with 69% bootstrap and decay value of 2 for GBSSI-1A, 95% bootstrap and decay value of 5 for GBSSI-1B, 98% bootstrap and decay value of 6 for GBSSI-2A, and 99% and decay value of 8 for GBSSI-2B (Fig. 3) . Monophyly of all species represented by more than one clone is supported by bootstrap values greater than 95% (78% for Osteomeles in GBSSI-2A; Fig. 3) .
The reduced data set has 383 potentially informative characters and yields 16 trees of 1376 steps, with a CI of 0.526 (excluding uninformative characters) and an RI of 0.809 (Fig. 4) . Again, there is strong support for GBSSI-1 and GBSSI-2 clades (100% bootstrap for both and decay values of 24 and 26, respectively), a sister relationship between Rhamnus and Rosaceae GBSSI-1, and two copies of each locus within Maloideae clades (Fig. 4) . The Maloideae clade in both GBSSI-1 and -2 is strongly supported by bootstrap (87 and 100%, respectively) and decay values (3 and 13, respectively). Two Amygdaloideae genera (Prinsepia and Exochorda) form a clade (85% bootstrap and decay value of 3) that is sister to the Maloideae clade for GBSSI-1. Physocarpus, a member of the "Spiraeoideae," is placed between this Amygdaloideae clade and a strongly supported (96% bootstrap and decay value of 9) basal clade comprising two Rosoideae genera (Rosa and Rubus). Within GBSSI-2 the sister group of Maloideae lies within Amygdaloideae (bootstrap 83% and a decay of 6) (Fig. 4) . Amygdaloideae (Exochorda, Oemleria, and Prunus) as defined by chloroplast DNA evidence (Morgan et al., 1994; Evans, 1999) are paraphyletic in the present analysis (Fig. 4) . The position of Aruncus ("Spiraeoideae") is consistent with the position of the "spiraeoid" Physocarpus in the GBSSI-1 clade. Results from all four maximum-likelihood searches produced topologies identical to that of 
Southern Hybridization: GBSSI Locus Number in the Rosaceae
Southern hybridization of genomic DNA from eight genera with locus-specific probes reveals at least one strongly hybridizing band for each locus (Fig. 5) . GBSSI-1 and GBSSI-2 probes detect unique bands in each genus, consistent with the presence of two loci in   FIG. 2 . Alignment of Rosaceae fourth exon and 5Ј portion of fourth intron. Space between clones differentiates GBSSI-1 (upper) from GBSSI-2 (lower). Italicized GC's correspond to mutation at 5Ј splice site in GBSSI-2 fourth introns. Boldface GT's are nearest the GC mutation, and either GT would cause a frame-shift mutation. all Rosaceae sampled. Rosoideae (Rosa and Rubus) each have just one or two bands that strongly hybridize with GBSSI-1 and GBSSI-2 probes, suggesting a single copy of each locus in these genera (Fig. 5) . There is an EcoRI site in the eighth exon of Rosa and Rubus GB-SSI-1 clones that may account for the two bands in these lanes. The source of double bands in GBSSI-2 HindIII lanes probably reflects a corresponding restriction site, but sequence for this locus was not recovered for Rosa and Rubus (Figs. 3 and 4) . The Southern hybridization also implies that Physocarpus ("Spiraeoideae") has at least one copy of each GBSSI locus, but we recovered sequence from just GBSSI-1. There is an EcoRI site in the eighth exon of GBSSI-1 Physocarpus clones, but two bands from the GBSSI-2 EcoRI hybridize with varying intensity (Fig.   FIG. 3 . Strict consensus of 16 trees resulting from parsimony analysis of exons of 46 Rosaceae GBSSI clones, rooted with Astragalus, Pisum, and four Rhamnus clone sequences. Numbers above branches indicate percentage of 1000 bootstrap replicates that support each branch, and numbers below branches are decay values. Brackets on right delimit GBSSI-1, GBSSI-2, GBSSI-1A, 1B, 2A, and 2B. Boldface and bracketed letters following each clone's name designate subfamily classification: A, Amygdaloideae; M, Maloideae; R, Rosoideae; S, Spiraeoideae. Italicized and boldface clone names represent those used in reduced data set analyses. 395 5). The lower band in the Physocarpus GBSSI-2 HindIII is possibly cross-hybridization of the GBSSI-1 probe (Fig. 5) .
Amygdaloideae (Exochorda and Prunus) also have distinct bands that differentially hybridize both probes (Fig. 5) , consistent with phylogenetic results (Figs. 3  and 4) . Double and triple bands in Prunus GBSSI-1 and GBSSI-2 lanes, respectively, may result from probe cross-hybridization and nonspecific binding, as neither restriction enzyme has a cut site in the eighth   FIG. 4 . One of 16 equally parsimonious trees obtained from analysis of exons of 28 Rosaceae GBSSI clones rooted with Astragalus, Pisum, and Rhamnus. Nodes not supported in the strict consensus tree are represented by dashed lines. Branch lengths are proportional to the number of nucleotide substitutions (scale represents 10 substitutions). Numbers above branches represent same support metrics used in Fig.  3 . GBSSI designations (1A, 1B, 2A, and 2B) are the same as in Fig. 3 . Synapomorphies a-d correspond to structural differences within Rosaceae GBSSI (see Fig. 1 ): a, long first intron; b, long fourth intron; c, GT to GC mutation in 5Ј splice site of fourth intron, d, missing sixth intron. Subfamily labels in right margin denote Rosaceae subfamily classifications as presented in the text. 396 exon of Prunus GBSSI-2 sequences (Fig. 5) . EcoRI does have a cut site in the eighth exon of Exochorda GBSSI-2 sequences, but only a single band is visible in each lane (Fig. 5) .
The presence of two additional GBSSI loci in Maloideae species was initially observed in analyses of the sequence data and is corroborated by the Southerns (Fig. 5) . The Malus GBSSI-1B eighth exon has an EcoRI restriction site, but the same sequence lacks a HindIII site. Neither restriction enzyme has a cut site in Malus GBSSI-2A. The same distribution of restriction enzyme sites exists in Vauquelinia GBSSI-1B sequences, but neither enzyme has a cut site in Vauquelinia GBSSI-1A or GBSSI-2A and B sequences. Neither have a cut site in available sequences of Chaenomeles clones. The GBSSI-1 and GBSSI-2 EcoRI lanes of Chaenomeles each contain from four to six bands, whereas the GBSSI-2 HindIII lane appears to have only two bands for this genus. Some of these bands are the result of probe cross-hybridization, but this explains only a single band in some of the lanes. Thus, the two or three bands in Malus and Vauquelinia lanes and the two to six bands in the Chaenomeles lanes are consistent with our phylogenetic results that Maloideae genera contain at least four GBSSI loci.
DISCUSSION
Multiple GBSSI Loci in Rosaceae
Sequence data and Southern hybridizations both substantiate a duplication of the GBSSI gene prior to the diversification of the Rosaceae (Figs. 3-5) . Analyses of sequence data with Astragalus, Pisum, and Rhamnus as outgroups demonstrate a clear duplication event prior to the diversification of the Rosaceae. This is further strengthened by the sister group relationship of all Rhamnus clones with Rosaceae GBSSI-1 sequences (Figs. 3 and 4) . Rhamnus is one of many genera demonstrated by recent molecular studies to be closely related to the Rosaceae and part of a Rosales clade (Morgan et al., 1994 , Savolainen et al., 2000 . We are currently investigating the utility of the GBSSI gene in the Rosales to achieve a better understanding of Rosaceae outgroup relationships, as well as to test the hypothesis that the GBSSI duplication occurred prior to the diversification of the Rosaceae.
Although we are confident with our choice of outgroups, an alternative method for rooting the tree would be to use the duplication of the GBSSI gene (Donoghue and Mathews, 1998) , as our results fulfill their criteria for using gene duplications to root trees. Their first criterion that all taxa within the ingroup contain duplicate genes, although not fulfilled by the sequences that we have obtained, can be inferred from the Southern hybridization analysis that demonstrates the presence of at least two GBSSI loci in all four subfamilies (Fig. 5) . Their other criterion that sequences must not be so divergent as to not be alignable with confidence is not a concern, as Rosaceae GBSSI exon sequences do not contain gaps and are easily aligned by eye.
All previous analyses of diploid flowering plant GBSSI sequences and proteins indicate that it is a single-copy gene. Multiple copies may be present in M.
FIG. 5.
Combined results of Southern blot of Rosaceae DNAs probed with GBSSI-1 and GBSSI-2 probes. Numbers "1" and "2" above lanes correspond to results from hybridizing the same blot with the GBSSI-1 and GBSSI-2 probes, respectively. Lanes are an EcoRI digest (E) or a HindIII digest (H). Negative control for probes represented by lambda lane next to Rosa. Molecular weight markers are indicated on the left in kb. 397 esculenta, but this species is an allotetraploid (Salehuzzaman et al., 1993) . Multiple loci have been found in polyploid Poaceae by analysis of GBSSI clone sequences (Mason-Gamer et al., 1998) and two-dimensional polyacrylamide gel electrophoresis (Nakamura et al., 1993) . All species that we probed, with the exception of Prunus virginiana, are presumed diploids (see Roitman et al., 1974; Goldblatt, 1978 Goldblatt, -1993 . The garden accession of Chaenomeles speciosa, however, may actually be a polyploid because restriction enzyme cut sites and cross-hybridization of probes do not fully explain the two to six bands observed in the Southern blots for this species (Fig. 5) . Although our choice of probes was conservative (see Materials and Methods), cross-hybridization between probes is minimal and does not fully explain the results from species for which sequence data are not yet available (e.g., Physocarpus, Rosa, and Rubus GBSSI-2 lanes).
Phylogenetic analyses of GBSSI clones demonstrate the presence of an additional form of both loci in the majority of Maloideae species. It is unlikely that these additional forms represent alleles, as there is strong bootstrap and decay support for the four clades (Figs. 3 and 4) . Furthermore, the hypothesized late Eocene origin of the subfamily makes the maintenance of high allelic variation in the subfamily (mean divergence values of 6.76 and 8.17%; Table 3 ) less plausible than multiple loci. Additional loci of GBSSI-1 and -2 genes do not result from polyploidy because A. bartramiana, Kageneckia, and Vauquelinia are diploids (Goldblatt, 1978 (Goldblatt, -1993 Campbell et al., 1997) . These two additional loci in Maloideae may be homeologues (Cronn and Wendel, 1998 ) that reflect the longheld view of an allopolyploid origin of the subfamily. Increased sampling outside the Maloideae is required to test this hypothesis. Alternatively, these additional loci may represent two separate GBSSI duplication events within Maloideae.
None of the clades appear to represent GBSSI pseudogenes within the Rosaceae, as translations of reduced data set sequences contain open reading frames. However, we cannot rule out loss of function of GBSSI-2 sequences because all have a GT to GC mutation in the 5Ј splice site of the fourth intron (Fig. 2) . The presence of a GT has been shown to be essential for correct intron splicing (Li and Graur, 1991) , and a GT to TT mutation in the first intron 5Ј splice site of Oryza GBSSI (Isshiki et al., 1998) reduces RNA and protein expression.
Phylogenetic Utility of GBSSI in Rosaceae
The GBSSI gene has demonstrable phylogenetic utility in Ipomoea (Miller et al., 1999) , Poaceae (MasonGamer et al., 1998) , and Rosaceae. In addition to its effectiveness at the subfamilial and generic levels, GBSSI is potentially informative at the level of species in the Rosaceae. For example, an analysis of exons and introns in three diploid Rubus species yielded a single strongly supported tree that is congruent with results from nrITS sequences (Alice, 1997; Alice and Campbell, 1999) . Moreover, pairwise divergence between closely related Rubus species is higher for GBSSI than for nrITS, and the greater length of GBSSI-1 potentially provides a greater number of informative characters (Alice, 1997) . On the other hand, nrITS sequences of Amelanchier, Chaenomeles, Malus, Osteomeles, and Vauquelinia have a mean divergence value of 11.26 Ϯ 2.15% (from Campbell et al., 1995) , markedly higher than comparable GBSSI divergence values for these same taxa (GBSSI-1A ϭ 4.50 Ϯ 1.69 and GBSSI-2A ϭ 4.29 Ϯ 1.70). Nevertheless, short internal branches with relatively poor bootstrap and decay value support in the Maloideae ITS tree undermine the phylogenetic utility of nrITS across the subfamily (Campbell et al., 1995) . The relatively greater length of GBSSI, potentially augmented by multiple loci and introns, may better resolve Maloideae relationships.
The trees presented here strongly support many of the family-wide relationships inferred from previous molecular analyses of the Rosaceae (Morgan et al., 1994; Campbell et al., 1995; Evans, 1999) . Significant variations in intron structure between GBSSI-1 and -2 and within GBSSI-1 provide additional characters that support the relationships suggested by phylogenetic analyses of GBSSI exon sequences (Fig. 4) . Two loci (GBSSI-1 and -2) within the Rosaceae offer the potential for insights into the polyploid origin of the Maloideae. Recent molecular, and comparative analyses of floral ontogeny and mature morphology (Morgan et al., 1994; Campbell et al., 1995; Evans and Dickinson, 1999a,b; Evans, 1999) clearly show that the closest relatives of traditionally circumscribed Maloideae are Kageneckia, Lindleya, and Vauquelinia. Whereas our results do not support the long-standing hypothesis of an amygdaloid-spiraeoid origin, the putative allopolyploid origin of the Maloideae remains unsolved.
Hybridization and introgression may confound phylogeny reconstruction (McDade, 1995) and lead to conflict between nuclear ribosomal and chloroplast DNA phylogenies (e.g., Soltis and Kuzoff, 1995; MasonGamer and Kellogg, 1996; Soltis et al., 1996) . Although hybridization, which is widespread in the Rosaceae, may explain the fact that available molecular data sets (ndhF, rbcL, and nrITS) provide little, well-supported resolution among genera in the Maloideae, rapid and recent divergence of genera may also contribute to the lack of resolution. As it stands, within Maloideae, relationships inferred by different GBSSI loci are not congruent (compare GBSSI-1A and GBSSI-2A in Figs. taxa in the GBSSI-1A clade (Fig. 4) . Incongruence may be a result of undersampling in the present study or possibly due to past reticulation, judging from the occurrence of intergeneric hybrids within the modern Maloideae . It is our expectation that a wider sampling of GBSSI sequences, as well as the presence of at least two loci within Rosaceae, may provide increased phylogenetic resolution within the family and particularly within and between Maloideae genera.
